OBJECTIVES: Maximal graft flow acceleration (max df/dt) determined by transit-time flowmetry (TTFM) in the diastolic phase was assessed as a possible predictor of graft failure in coronary artery bypass patients.
INTRODUCTION
Transit-time flowmetry (TTFM), indocyanine green angiography (ICGA) and high-frequency epicardial ultrasound are commonly used for assessing grafts in coronary artery bypass grafting (CABG) [1] [2] [3] [4] [5] [6] 7] . Previously, we developed a prototype colour ICGA system, HyperEye Medical System (HEMS; Mizuho IKAKOGYO, Inc., Tokyo, Japan), and have used it with TTFM (VeriQ; Medistim, Oslo, Norway) for intraoperative graft evaluations since 2007 [8, 9] .
Recent European Society of Cardiology and European Association for Cardiothoracic Surgery guidelines state that a flow of <20 ml/min and a pulsatility index (PI) of >5 are predictive of technically inadequate grafts and require graft revision before leaving the operating theatre. However, occasionally there is a discrepancy between these assessments and postoperative coronary angiography (CAG) assessments. Because TTFM is more widely used than CAG, it is necessary to determine why TTFM and CAG assessments sometimes differ or to identify a more reliable TTFM parameter for making graft revision decisions.
Graft flow (Q graft ) is generated by blood pressure (P) at the graft origin, the ascending aorta for a saphenous vein graft and the subclavian artery for an internal thoracic artery (ITA) graft, and also by resistance at the distal anastomosis, a poor vascular bed in the distal coronary artery, and mainly by vascular resistance in the myocardium (R myo ) [10] .
Although the driving pressure that flushes the graft lumen is decreased by the latter three factors, Q graft is described by the following simple relational expression:
where [ΔP] 0 = pressure change over (the time derivative of pressure) and C = compliance of the epicardial blood vessels.
Therefore, we focused our attention on the driving pressure of the graft in the diastolic phase that is mainly induced by the difference in R myo between the systolic and diastolic phases, characteristics that differ from those of the conventional TTFM parameters that are based on the flow rate or its pattern. We hypothesized that graft patency is predicted by the pressure-derived parameter. The purpose of this study was to examine the relationship between the maximum blood flow acceleration (max df/dt) value determined by TTFM in the early diastolic phase and postoperative assessments.
MATERIALS AND METHODS

Patients and data collection
Fifty-nine consecutive patients who underwent isolated CABG with complete TTFM, HEMS and postoperative angiographic assessment were included in this study. Table 1 gives the patient demographics. The standard procedure in our institution has been off-pump coronary artery bypass with an in situ left ITA graft to the left anterior descending artery and saphenous vein graft to the circumflex and/or right coronary artery lesion (aorto-coronary bypass).
The TTFM criteria for graft revision were mean flow (MF) of <5 ml/min, PI of >5 or diastolic filling ratio (DF) of <50%. The HEMS criteria were severe to-and-fro flow and slow intermittent graft flow or occlusion. Postoperative assessment was performed by CAG or 64-slice multidetector computed tomography (MDCT) at 1 year after surgery unless graft incompetence was suspected either by intraoperative abnormal assessment or postoperative clinical symptoms.
Among a total of 147 grafts in 59 patients, 70 in situ ITA grafts were examined in this study because the properties of the graft in terms of the pressure-flow relationship would probably be different from those of aorto-coronary bypass grafts. This was a retrospective study, and informed consent from the patients was not obtained on the basis of a decision by the Ethics Committee of Kochi Medical School.
Max df/dt calculation
The TTFM records of the ITA grafts were scanned, and the wave profiles were converted to digital data (200 points per cardiac cycle) by using Graphcel 1.11 (free graphics software) to subsequently obtain the differentiation curves of the profiles. However, the raw profile tracing contained fine irregularities, and differentiation sometimes produced marked zigzag lines derived from the concave and convex areas of the original curve. Thus, preprocessing to smooth the original curve was necessary. Because the next step was to differentiate the curve, we used a curve-fitting method ( parametric analysis). Firstly, an n-polynomial approximation curve
was drawn by using a curve-fitting method and digital processing software, Igor Pro 3.0 (HULINKS, Inc., Tokyo, Japan). Secondly, the first-derivative curve was drawn
to evaluate the acceleration value of the graft flow. We investigated polynomials of any degree to reconstruct the wave profile from the digital data and selected a 9-polynomial because it showed a greater tendency to match the changes in the waveform (Fig. 1) . On the first inspection for a 9-polynomial approximation curve, the wave profile characteristics were classified into four types, but it was difficult to standardize the starting point of the diastolic wave. However, the maximum systolic peak occurred at about 0.15 s. Here, we defined a time interval for max df/dt analysis from 0.15 s to the peak of the early diastolic wave, which was shown by a 9-polynomial approximation curve. Next, we drew 5-polynomial and 20-polynomial approximation curves by using digital data between the time intervals and converted a polynomial approximation curve to the first-derivative curve. The 5-polynomial approximation curve showed a greater tendency to match the changes in the raw waveform in the early diastolic phase, and the 20-polynomonal approximation curve showed better tracking of the change in the same waveform. The different polynomial curves gave different values of max df/dt because the first-derivative curve derived from the 5-polynomial approximation curve had a single peak or sigmoidal curve, but the first-derivative curve derived from the 20-polynomial approximation curve had multiple peaks.
Classification of groups
Results from intraoperative HEMS evaluations were comparable with those of postoperative CAG/MDCT assessments in most cases, but there was no better software for quantitative analysis at present. Hence, we did not use the HEMS evaluations in this study and instead used a simple classification based on TTFM and MDCT/CAG data only.
In this study, we used the following TTFM classifications: (i) Normal, MF >15 ml/min, PI <5 and DF >50%; (ii) Abnormal, MF <15 ml/min, PI >5 or DF <50% (no revision graft). Occlusive grafts (no quantifiable flow) were excluded because these grafts were revised intraoperatively.
The following MDCT/CAG classifications were used: (i) Patent graft, defined as no occlusion or graft stenosis of <75%; (ii) Failing graft, defined as occlusion, string graft, anastomotic stenosis and severe graft stenosis (>75%). Finally, the grafts were classified into four groups on the basis of the combined TTFM and MDCT or CAG results defined above: Normal/Patent (N/P) graft group, Normal TTFM/Patent MDCT/CAG graft; Normal/Failure (N/F) graft group, Normal TTFM/Failing MDCT/CAG graft; Abnormal/Patent (Ab-N/P) graft group, Abnormal TTFM/Patent MDCT/CAG graft; Abnormal/Failure (Ab-N/F) graft group, Abnormal TTFM/Failing MDCT/CAG graft.
Statistical analysis
All values are presented as the mean ± standard deviation. Student's t-test was used to compare results between different pairs of groups. If three or more groups showed differences in the Kruskal-Wallis test, we performed the Mann-Whitney U-test to analyse specific sample pairs for significant differences (the Holm method was used to adjust P-values). For all analyses, P-values of <0.05 were considered to indicate statistical significance. The sensitivity and specificity of the conventional TTFM parameters were determined by using the McNemar test. A classification test and receiver operating characteristic (ROC) analyses were performed by using EZR (Saitama Medical Centre, Jichi Medical University), which is a graphical user interface for R (The R Foundation for Statistical Computing).
RESULTS
Overall conventional transit-time flowmetry assessment
Overall, TTFM data were retrospectively analysed in 59 patients involving 59 in situ ITA grafts. Twelve of the 59 (20%) were assessed as abnormal by postoperative CAG/MDCT. There were 30 grafts in the N/P group, 6 in the N/F group, 17 in the Ab-N/P group and 6 in the Ab-N/F group. Classification of the 9-polynomial approximation curve A 9-polynomial approximation curve characterized the waveform (one cardiac cycle). The main characteristics were a left-side shift of the diastolic wave and a defect or depression of the first peak in the first-derivative curve. The following classifications were used for the waveforms (Fig. 2) : Type A (completely separate pattern) showed a single peak in the systolic phase and a biphasic peak in the diastolic phase; moreover, the systolic and diastolic phases were completely separated. Type B (separate pattern) showed a single peak in the systolic phase and a biphasic peak in the diastolic phase, similar to Type A, but a shallow notch separated the systolic and diastolic phases. Because the waveform in the diastolic phase was shifted to the left side mild to moderately, the firstderivative curve showed depression of the first peak in the early diastolic phase, which was not observed in Type A. Type C (fusion pattern) showed a single-peak curve because of the absence or presence of a very shallow notch that separated the systolic and diastolic phases. The waveform in the diastolic phase showed a strong shift to the left side and was absorbed into the waveform in the systolic phase. The first-derivative curve showed a significant depression of the first peak in the early diastolic phase. Type D (diastolic peak defect pattern) showed a single peak curve in the systolic phase only and included a large reversal wave in the systolic phase. The firstderivative curve showed a defect in the first peak in the early diastolic phase.
Thirty-nine of the 47 grafts assessed as patent by MDCT/CAG (83%) were classified as Type A or B; in contrast, 10 of the12 grafts assessed as abnormal by CAG/MDCT were classified as Type C or D. For Type D, we were unable to measure the max df/dt value, and so Type D grafts were excluded from the statistical analysis.
Evaluation of the max df/dt value and each transit-time flowmetry parameter (all grafts) Figure 3 shows a 5-polynomial and 20-polynomial approximation curve and the first-derivative curve in the early diastolic phase. There were 30 grafts in the N/P group, but one of the 30 grafts was Type D, and so the N/P group ultimately included only 29 grafts (Type A, 3; Type B, 24; Type C, 2). There were six grafts in the N/F group, but one was Type D, and so the N/F group ultimately included only five grafts (Type A, zero; Type B, two; Type C, three). There were 17 grafts in the Ab-N/P group (Type A, 4; Type B, 8; Type C, 5; Type D, 0). There were six grafts in the Ab-N/F group (Type A, zero; Type B, zero; Type C, six; Type D, zero). Table 2 shows the max df/dt values and each conventional parameter assessed by TTFM. Figure 4 shows box-and-whisker plots (whisker, first quartile − 1.5 interquartile range, third quartile + 1.5 interquartile range) for each parameter. The Kruskal-Wallis test showed significant differences in the max df/dt value in both the 5-polynomial and 20-polynomial curves, MF and PI (P < 0.01) Figure 2 : Type of acceleration curve. The basic pattern of a 9-polynomial approximation curve shows a single peak in the systolic phase and a biphasic peak in the diastolic phase. The main characteristic of a 9-polynomial approximation curve is the left-side shift of the diastolic wave, and the main characteristic of the first-derivative curve (acceleration curve) is the depression and/or defect of the first peak in the early diastolic phase. Type A (completely separate pattern); Type B (separate pattern); Type C ( fusion pattern): the waveform in the diastolic phase shifts to the left side strongly and is absorbed into the waveform in the systolic phase. The first-derivative curve shows significant depression of the first peak in the early diastolic phase, which is not observed in Type A; Type D (diastolic peak defect pattern): the 9-polynomial approximation curve has a single-peak curve and includes a large reversal waveform in the systolic phase. The first-derivative curve showing the defect in the first peak in the early diastolic phase. The arrow shows the max df/dt value for each type. Max df/dt: maximal graft flow acceleration in the early diastolic phase. The max df/dt measurement for each type. The first-derivative curve, which was derived from the 5-polynomial approximation curve, shows a single-peak line in the early diastolic phase for each type. However, the first-derivative curve, which was derived from the 20-polynomial approximation curve, shows a multiple peaks curve in the early diastolic phase for each type. In addition, the max df/dt values differed between the 5-polynomial and 20-polynomial curves. Left: The raw wave curve is plotted from the raw digital data (200 points, blue line), and the 9-polynomial approximation curve is shown by the red-dotted line. The arrow is the time interval (from 0.15 s to the first peak of the diastolic wave) to draw another degree of the polynomial approximation curve. Middle: the blue line is the raw wave, the red line is the 5-polynomial approximation curve and the black line is the 20-polynomial approximation curve. Right: The first-derivative curves are derived from the 5-polynomial (red line) and 20-polynomial approximation curves (black line). The arrow shows the max df/dt. max df/dt: maximal graft flow acceleration in the early diastolic phase. among the groups; however, there were no significant differences in DF.
Although there were no significant differences in 5-polynomial max df/dt values between the N/F and Ab-N/P groups, there were significant differences among the other group pairs (P < 0.05, Mann-Whitney U-test, Holm adjustment). On the other hand, there were significant differences in 20-polynomial max df/dt only between the Ab-N/F group and all the other groups (P < 0.05, Mann-Whitney U-test, Holm adjustment).
Although there were no significant differences in MF values between the N/P and N/F pair and the Ab-N/P and Ab-N/F pair, the other group pairs showed significant differences in MF values (P < 0.05, Mann-Whitney U-test, Holm adjustment). For the PI value, only the N/P and Ab-N/P pair showed a significant difference (P < 0.05, Mann-Whitney U-test, Holm adjustment). There were no significant differences in the DF values among the different group pairs. Table 3 shows the results of ROC analysis for each parameter. Each parameter showed moderate accuracy by ROC analysis; however, significantly higher accuracy was observed for 5-polynomial max df/dt than for the other parameters (P < 0.05, DeLong test). In contrast, there were no significant differences in accuracy between 20-polynomial max df/dt and the conventional TTFM parameters.
Abnormal transit-time flowmetry graft
In the abnormal TTFM graft group, 6 of the 23 grafts (27%) were abnormal by postoperative MDCT/CAG. There were significant differences in both the 5-polynomial and 20-polynomial max df/dt values between the Ab-N/F group and the Ab-N/P group (5-polynomial: 0.89 ± 0.41 vs 2.70 ± 1.31 ml/s 2 , respectively; 20-polynomial: 2.24 ± 0.72 vs 4.79 ± 2.05 ml/s 2 , respectively, P < 0.01, unpaired Student's t-test). However, there were no significant differences in any of the conventional TTFM parameters between the Ab-N/F and Ab-N/P group.
By ROC analysis, there were no significant differences in the accuracy of max df/dt between the 5-polynomial and 20-polynomial (5-polynomial: cut-off value, 1.273 ml/s 2 ; sensitivity, 1.000; specificity, 0.882; AUC, 0.980; 20-polynomial: cut-off value, 2.924 ml/s 2 ; sensitivity, 0.833; specificity, 0.765; AUC, 0.863). Moreover, the cut-off values for the 5-polynomial and 20-polynomial max df/dt values showed higher accuracy than any of the conventional TTFM parameters (P < 0.05, DeLong test) ( Table 4) .
DISCUSSION
TTFM has been used as a simple and popular tool for evaluating graft patency. Many TTFM factors have been investigated as predictors of graft procedure outcome [1-3, 11, 12] . Recently, Di Giammarco et al. reported that the combination analysis of TTFM and high-resolution epicardial ultrasonography increased diagnostic accuracy [13] . However, some grafts that were shown to be abnormal by TTFM were shown to be patent by postoperative angiography. For this reason, we proposed and investigated a new method, graft flow acceleration analysis, to predict graft patency in this study.
Accuracy of the max df/dt
Conventional TTFM assessments have previously shown low to moderate accuracy for graft quality, with a sensitivity of 0.261 by the McNemar test and AUCs of <0.7 for various parameters by ROC analysis [4-6, 8, 9, 14] . In this study, the 5-polynomial max df/ dt value was lowest in the Ab-N/F group among the other groups, and the accuracy of the 5-polynomial max df/dt value was higher than that of conventional TTFM assessment. Moreover, in abnormal TTFM grafts, 5-polynomial max df/dt had the highest accuracy among all other parameters examined.
According to basic principles of coronary circulation, the large difference in myocardial resistance between systolic and diastolic phases caused by strong muscle contraction increases the flow through the myocardium during the diastolic phase. Hence, we considered that the max df/dt value should reflect the driving force of the graft flow and the difference in myocardial resistance during the diastolic phase and should reflect the physiological quality of the graft better than a conventional TTFM evaluation.
In contrast, there were no significant differences in the accuracies of 20-polynomial max df/dt and the other parameters examined. According to the basic principles of trend analysis, a low-degree polynomial should be selected to draw a polynomial approximation curve because the effect of averaging out questionable data points in a sample may be desirable rather than distorting the curve to fit them exactly.
Although the 20-polynomial curve showed better tracking of changes in the waveforms, the first-derivative curve exhibited multiple peaks. This effect is probably because the max df/dt value shows the acceleration force in a part of the diastolic wave and enhances haemodynamic changes in the diastolic phase on the plotted curve. We propose that conventional TTFM analysis combined with max df/dt analysis may enable good prediction of future graft failure, especially for abnormal TTFM grafts. A low-degree polynomial should be selected to analyse the max df/dt value.
Limitations of the study
The limitations of this study were its retrospective nature, small data set from a single centre and the use of in situ ITA grafts only.
Moreover, the analysis did not include factors associated with haemodynamic changes that may affect the severity of native coronary artery stenosis or differences in myocardial resistance between the left and right ventricle. In addition, we did not investigate the quality of the anastomosis because we did not have a high-frequency probe.
We hypothesized that mild coronary artery stenosis was associated with depression of the max df/dt value, and the max df/dt value was lower in the right coronary artery system than in the left coronary artery system under natural conditions. Hence, future studies should analyse the max df/dt value that reflects the influence of these factors. 
